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X-ray magnetic circular dichroism study of TbNi 2B2C
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X-ray magnetic circular dichroism measurements were performed on TbNi2B2C in order to confirm the
weak ferromagnetism reported for this material at low temperatures. Below approximately 8 K, an increase in
the dichroic signal was observed at the TbL III edge, consistent with the onset of weak ferromagnetism
involving the Tb ions. At an external magnetic field of 500 G, the ferromagnetic order parameter was obtained,
and is in good agreement with the bulk magnetization data measured by a SQUID magnetometer.
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Great interest in theRNi2B2C (R5rare earth) family con-
tinues because of the rich variety of ground state phys
properties of these compounds.1–5 In particular, there have
been numerous investigations of the relationship between
competing interactions of superconductivity and long ran
magnetic order.6 Recently, for example, the onset of wea
ferromagnetism in ErNi2B2C (TWFM;2.5 K) concomitant
with the superconducting state (Tc;10 K) was reported
~Ref. 7!, along with an upturn of the critical current with th
onset of ferromagnetism, contrary to expectations.8

While TbNi2B2C, is not superconducting down to 7 m
~Ref. 9!, it is closely related to the Er compound not only
its bulk thermodynamic properties,10,11 but also in its micro-
scopic magnetic ordering behavior.12–15 Both systems orde
in an incommensurate spin wave along the@100# direction of
the orthorhombic unit cell (a.b), with the magnetic mo-
ments confined to the basal plane. For both TbNi2B2C and
ErNi2B2C, the magnetic transition is accompanied by a l
tice distortion from tetragonal symmetry~above TN) to
orthorhombic symmetry~below TN). Perhaps most interes
ingly, similar lock-in transitions have been observed in bo
of these compounds in recent high resolution resonant m
netic x-ray scattering experiments.16 The lock-in of the
modulation wave vector to a commensurate value appea
the same temperature (TWFM;8 K) as the onset of weak
ferromagnetism indicated by bulk susceptibili
measurements.10,7 Previous unpolarized neutron scatteri
experiments observed an increase in scattering consi
with weak ferromagnetism below approximately 8 K18

However, the magnetic origin of this additional scatteri
can only be verified by polarization analysis. Furthermo
57Fe Mössbauer andmSR experiments have indicated th
onset of weak ferromagnetism through a reduction in
hyperfine field and the electronic spin fluctuation rate bel
TWFM .19

In this paper, we report on recent x-ray magnetic circu
dichroism ~XMCD! experiments on TbNi2B2C designed to
directly probe the onset of a ferromagnetic component be
TWFM associated with the Tb ions. An XMCD experime
probes the difference,mc5(m12m2)/(m11m2), in the
absorption of x rays by a sample with the magnetic mom
parallel (m1) and antiparallel (m2) to the helicity of the
0163-1829/2001/64~2!/020403~4!/$20.00 64 0204
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incident photon beam. Since the absorption involves tra
tions from well-understood core levels with well defined a
gular momentum, the observed structure in the dichroic s
nal can yield information about the spin polarization a
spin-orbit coupling of the final states.17 The information ob-
tained from this measurement is element specific since
absorption measurement is made as the incident energ
scanned through an absorption edge. For the case at h
the dichroic signal was measured at the TbL III absorption
edge, corresponding to transitions from the Tb 2p3/2 core
level to the spin-polarized 5d bands. Although the determi
nation of the magnitude of the ferromagnetic moment us
this method is very complicated, the dichroic signal sca
directly with the ferromagnetic moment and can be used
confirm the existence of weak ferromagnetism in TbNi2B2C
associated with the Tb ions.

The x-ray magnetic circular dichroism experiment w
carried out on the 6-ID undulator beamline of the MUCA
sector at Advanced Photon Source. A bent mirror was
serted after the double crystal Si~111! monochromator to
eliminate higher harmonics of the incident beam. Control
the beam polarization was enabled using a thin diam
crystal phase retarder20 to flip the incidents polarized beam
between left circularly polarized~LCP! and right circularly
polarized ~RCP! radiation. The dichroism measuremen
were done in a transmission geometry using a fine-grai
powder sample produced by grinding single crystals sim
to those used in earlier measurements.10 The powder was
uniformly spread on cellophane tapes and then combine
yield the change in absorption across the edge to be a
one absorption length. The prepared sample was mounte
the cold finger of a helium cryostat equipped with superc
ducting magnet. By pumping on a JT-valve, sample tempe
tures down to 3 K in fields up to 40 kG could be reached.

Two different methods of data acquisition in XMCD ex
periments are possible. First, the direction of the magn
field on the sample can be held constant while the be
polarization is flipped between positive~LCP! and negative
helicity ~RCP!. Alternatively, the incident beam helicity ca
be held fixed while the magnetic field direction is reverse
Anticipating a small dichroic signal arising from weak ferr
magnetism, data were obtained by combining both metho
©2001 The American Physical Society03-1
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At each temperature and field value, data sets were obta
by reversing the photon helicity for each step in energy, a
repeating the whole process after flipping the magnetic fi
direction. The resulting dichroic signal was obtained fro
the average value of data obtained for positive and nega
field values. One of main advantages of this method is th
compensates for small systematic errors that arise fro
slight difference in incident intensity between the left a
right circular polarized beams and the residual nonlinea
in the detection system.

As mentioned above, the dichroism measurements w
made at the TbL III edge. In order to estimate the magnitu
of the expected signal from the weak ferromagnetic order
in low external field, data was first taken atT53.1 K in a
large applied field of 40 kG. At this field and temperatu
bulk magnetization measurements indicate that the ferrom
netic moment is nearly saturated at a value of approxima
7mB (msat;9mB). In Fig. 1, the absorption edge spectrum
well as the XMCD signal is shown for this temperature a
field. The absorption data, m5 (1/2) (mLCP1mRCP)
5 (1/2) @2 log(dILCP)2 log(dIRCP)#, where dI 5I /I 0, was
obtained for both positive (m1) and negative (m2) external
magnetic fields. The average absorption~circles! is displayed
in the upper panel of Fig. 1. Similarly, the dichroic sign
from the flipping ratio, (I LCP2I RCP)/(I LCP1I RCP), is shown
in the lower panel. At this field and temperature the dichr
signal amounts to approximately 3% of the total absorpti

We now turn to the data obtained from low field measu
ments (H5500 G). The raw dichroic signal at several tem

FIG. 1. TbL III -edge absorption~upper panel! and XMCD signal
~lower panel! taken atT53.1 K andH540 kG on TbNi2B2C. For
both panels, circles show the averaged value from flipping the
ternal field.
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peratures is displayed in Fig. 2, along with solid lines th
represent fits to a Lorentzian line shape.

The principal result of this experiment is shown in Fig.
where the temperature dependence of the intensity of
dichroic signal, obtained from the fits represented in Fig.
is plotted. On the same plot, the bulk magnetization data
the same powder sample, measured by a SQUID magn

x-

FIG. 2. The dichroic signals plotted for several temperature
H5500 G on TbNi2B2C. The solid lines are fits to a Lorentzia
line shape.

FIG. 3. The dichroic signal taken atH5500 G on TbNi2B2C is
plotted with filled circles. The solid line is the bulk magnetizatio
measurement data on the same powder sample at the same
The scale for XMCD data is shown to the left while that for th
SQUID data are shown to right.
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meter at the same field, are also displayed. The only ad
able parameter required to bring the two data sets into c
cidence is an overall scale factor. The temperat
dependence of the dichroic signal clearly is well describ
by the temperature dependence of the bulk magnetiza
data, confirming the onset of ferromagnetic order of the
ions below approximately 8 K. These measurements prov
direct confirmation of the weak ferromagnetism
TbNi2B2C inferred from the bulk susceptibility data.

Due to differences in the radial portion of the transiti
matrix elements at rare-earthL II,III edges~Ref. 21!, a quan-
titative determination of the actual 5d magnetic moments
using the sum rule analysis~Ref. 22! is not possible. Never-
theless, it is possible to estimate the size of the 5d moment
by comparing the spectra with the reported size of the
moment. First, we note that in this measurement, the dich
signal arises from electric dipole transitions from the
2p3/2 core level to the 5d bands. Therefore, the observe
signal arises from the moment induced on the spin polari
5d band. A rough estimate of the ratio of the 5d induced
moment to 4f moment yields a value on the order of;1/20
~Ref. 23!. The reported weak ferromagnetic component
the moment for TbNi2B2C is approximately 0.2mB . There-
fore, the dichroic signal detected in the current measu
ments arises from an induced 5d moment on the order o
0.01mB .

In order to more closely examine the relationship betwe
the dichroism data and the bulk magnetization data, meas
ments were also carried out while changing the exter
magnetic field at a fixed temperature of 3.1 K. The result
XMCD signal is displayed in Fig. 4 along with the bul
magnetization data from the SQUID measurement. We p
out that the same relative scale factor was applied her
was used for Fig. 3. At low fields, good agreement was
tained between the XMCD and SQUID data. At high fie
however, there is a noticeable difference between the XM
and SQUID data. We believe that this difference arises fr
the fact that the powder used in the XCMD measureme
was constrained~bonded to tapes! while the powder sample
used in the SQUID measurement was free to rotate in
applied field. At low fields, the difference between the me
o
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surements is expected to be negligible, while in high appl
field, rotation of the sample grains can yield significan
larger values for the moment.

Summarizing, the weak ferromagnetism on TbNi2B2C has
been directly confirmed from the x-ray magnetic circular
chroism measurements at 500 G. A weak ferromagn
component develops on the Tb ion below;8 K consistent
with the bulk susceptibility result.
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FIG. 4. XMCD and SQUID magnetization data as a function
applied external field at a fixed temperature of 3.1 K on TbNi2B2C.
The scale for the XMCD data is shown to the left while the ma
netic moment determined form the SQUID measurements is sh
to the right. The smearing of the metamagnetic transitions ar
from powder averaging.
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